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Summary Part A: Unsteady Flow in a Laval Nozzle

The typé of instability which was especially investigated in
the frame of this work, is strongest, if the flow is not separated
in the downstream part of the duct, and acoustic distoritions
which are generated by a downstream instability of shear layers,
supported by acoustic resonance of cavities, are travelling up-
stream in the subsonic part of the Laval nozzle flow and are
acting on the shock wave at the end of the supersonic part of the
flowfield. In special situations, which we have called the tran-
sonic case, the interaction of these distortions and the shock
waves can be comparatively strong as in the case of the strong
oscillations. Then the shock wave can also leave the nozzle flow
through the smallest cross section into the subsonic intake flow. —r
For higher supersonic Mach numbers in the nozzle this means '
smailer pressure ratios, the acoustic distortions result only in
small amplitude shock oscillations. For the case of flow separa-
tion we have observed a large damping for the upstream travelling
distortions and consequently very small amplitudes of oscilla- .
tions. b
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Summary Part B: Profile - Vortex Interaction

We have now experimental evidence that the interaction of vor-
tices and profiles induces separation and secondary vortices.
These effects are not included in the present theoretical models.
The theoretical treatment of the problem of sound generation by
vortices requires an exact knowledge of the vortex induced flow.
Therefore we have performed the following research program.

The investigation of profile-vortex interaction consists of two
parts. The first part is a Karman vortex street experiment. A NACA
0012 profile is placed in the wake of a spuare cylinder. This ex-
periment gives an overview on the interaction of vortex an pro-
file. Different types of interaction occur depending on the cord-
length and position of the profile relative to the cylinder.
Strong vortices cause mainly strong secondary vortices on the pro-
file while smaller vortices cause local separations. In each case
the approaching vortex itself looses a lot of its strength or even
nearly vanishes in strong interactions.

The second part of the investigation is a shock tube experiment.
The uniform velocity downstream of a shock produces a starting
vortex past an asymmetric profile. The starting vortex has a very
small core because of the thin boundary layer. The low turbulence
level and the potential character of the vortex allow quantitative
comparisons with theroretical results.
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. Yortex noise
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1. Introduction

1.1, General remarks on the contract

In the frame of this contract with the title

ATy

% TRANSONIC NOISE GENERATION BY DUCT AND PROFILE FLOW

; it was originally planned to investigate the unsteady transonic

f flow in Laval nozzles, in curved ducts and on profile sections. In
accordance with the contracting officer and following the advise

; of some reviewers we have changed the program in the following

g way: In the first we have performed some research work on the un-
3 steady transonic flow in a Laval nozzle and in the second and

; third year we have investigated the noise generation by vortex
profile flow interaction. This latter program includes as well the
interaction of single vortices with the transonic profile flow as
the interaction of vortex streets or turbulence with the profile
flow. - The planned investigation of the unsteady flow in a curved
duct and the unsteady transonic flow around the profile (buffe-
ting) was cancelled from the progran.

In this final report we will describe in the part A the results of
the investigation of the unsteady behaviour of the Laval nozzle
flow. In part B of this report we will describe the results for
the vortex profile flow interaction.




1,2 The work of the first year

If a Laval nozzle is used with a pressure ratio pe/po (receiver pressure/
supply pressure) which is smaller than the designed pressure ratio a
shock wave moves from downstream in the supersonic part of the nozzle
flow and performs the transition from supersonic to subsonic flow velocities.
As there are no real flows without small pressure fluctuations the positions
of these shock waves are not stable. This was observed already early in

this century for steam Laval nozzles (Stodola).

In earlier investigations [1] we have found self-excited oscillations of a
Laval nozzle flow with a shock wave very close to the smallest cross sec-
tion of the nozzle. In these investigations we have observed that the shock
wave during one period of oscillation is propagated through the smallest
cross section of the nozzle (sonic line) and propagated as a shock or bang
wave in the subsonic intake flow. In the phase of reacceleration of the
whole nozzle flow a new shock wave is formed under tnese conditions in the

downstream expanding part of the nozzle.

For the explanation of this mechanism the existence of an extended dead air
downstream of the supersonic part of the flowfield is of great importance,.
This flow separation can cause a nearly constant pressure flow downstream
of the shock wave which in fact makes the exit pressure act on the shock
wave and pushes the shock wave upstream if the separation point is connected
with the shock root. This situation is leading to a further acceleration of the
shock wave if it has passed the position of the highest shock back pressure.
So at least the shock wave can be removed completely from the supersonic
flow field. In the following acceleration phase of the whole nozzle flow the
point of separation is travelling downstream and a new supersonic flow

area with a new shock wave is formed. When the shock is sufficiently
strong the point of separation is once again displaced to the shock root

and the foregoing part of the cycle is repeated [1].




Ve

|

Because of the idea that the above mentioned cycle of oscillation is sup-
ported by an acoustic resonance of the downstream part of a duct (receiver)
the aim of the present work was to investigate the influence of a changed
geometry on the stability of the Laval nozzle flow and to investigate the
influence of pressure disturbances generated downstream on the position

of the shock wave. It became evident that by the changed geometry of the
duct configuration (half profile for the nozzle and larger mixing chamber)
also different oscillations occurred. The main frequency was about 500 Hz
in the whole Mach number regime (0.5 = Ma £ 1.5). Because of the fact that
these distortions were coming upstream from the mixing chamber it became
obvious that these distortions were generated by the shear layer of the nozzle
outflow and amplified by a resonance of the chamber. With the occurance of
the flow separation for larger angles of the variable nozzle the strength of
the distortions or fluctuations decreased.

Also for two half nozzles with analytic shape (hyperbolic) the strong self-
excited oscillations of the former tests with a éymmetric nozzle could not
be observed. From these additional tests we draw the conclusion that the
self-excited oscillations can be prevented if the flow inside the nozzle is
not separated in the low transonic Mach numbers and if the natural fre-
quency of the duct system is not very close to the natural frequency of the
relaxation oscillations of the transonic flowfield itself.

A large part of the pressure fluctuations in the average Laval nozzle flow

is coming from downstream sources of pressure fluctuations and is ampli-
fied and concentrated in the transonic nozzle flow. So the first part of this
report is concerned with the influence and the propagation of the downstream

generated pressure fluctuations. Especially the interaction of the pressure
fluctuations with the steady transonic shock waves at the end of the super-
sonic part of the nozzle flow is observed. In some cases the pressure
fluctuations from downstream can be so strong that the shock wave at the
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end of the supersonic flow regime is pushed out completely from the ex-
panding part of the nozzle and is leaving the nozzle through the intake
becoming at least a bang wave outside of the duct. This behaviour at least
is then similar to one period of the self-excited oscillations which we have

observed in former experiments for the two-dimensional Laval nozzles.

For the first tests we used as mentioned before a half Laval nozzle with a
variable angle of expansion. But this supersonic nozzle flow was in the
regime of the smallest cross section too much distorted from wall imper-
fections due to the mechanism of the flap. So for the important experiments
we used mainly two different nozzles with hyperbolic shape which were care-
fully machined from a single piece of aluminium. The shape of the contour

was got from the formula

F = F, V1 +x%/a2

where a =93mm and Fo = 25 mm. The smallest section has a height
Fo = 25 mm, For the narrow nozzle the area ratio between Fo and the
height of the end section F'e was XE = Fe/Fo = 1.3 and for the wide
nozzle we used XE =1,38.




2. Experimental facility and test procedure for the Laval nozzle

exgeriments

2.1 The transonic windtunnel

Figure 1 shows a sketch of the experimental arrangement for the Laval
nozzle tests. Atmospheric air is passing through the nozzle into the mixing
chamber which is connected to a vacuum reservoir by means of a regulating
valve. The mixing chamber has an average constant pressure P, by means

of the sonic outflow from the regulating valve.
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Figure 1: Sketch of the experimental setup for the transonic Laval nozzle
experiments, On the left Laval nozzle, right mixing chamber.
The position of the pressure transducers is indicated with
letters,
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Because of the sonic velocity in the regulating valve, pressure fluctuations ‘:\
inside the vacuum gystem are not changing the average pressure in the ) ?
o

mixing chamber. With constant supply pressure P, and sonic velocity in

the smalleat cross section of the regulating valve the pressure in the mix-
ing chamber is determined by the area ratio of the Laval nozzle throat 1 tr
area Fo and the regulating valve area Fr :

Pe * Py Fr/Fo (1)
For the case of subsonic flow in the regulating device the pressure P, in

the mixing chamber depends from the valve cross section Fr and the valve

: flow rate Qr
) ) 1/k k-1/k ’
; Q./F. = (p,/p,) 1/p°g o (1 -p./p,) 2k/k - 1 (2)
&_.
: where Q o is the density of the atmospheric air and k is the ratio of specific
heat.
2,2 Pressure and density measurement in the nozzle flow

The density measurement and the flow visualization was performed by
means of the Mach Zehnder interferometer. For that part of the flowfield
which is covered by the two windows on both sides of the Laval nozzle we
could take interferograms of the density field. The interference fringes in
the photographs are lines of constant density. The density for the fringe
with the number m is given by the following equation:

8/g, = 1-( -1 m-\ /b (8)
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where b is the lateral dimension of the duct and n, is the index of refrac-
tion for the atmospheric air. By this equation the difference between the
center of a white and a black line of the interferogram turns out to be

A%/g, =0.02 Ap/p, = 0.013

For the measurement of pressure piezo resistive and piezo electric trans-
ducers were used. They were flush mounted in the middle of the plane
duct contour. | '

The pressure signals were conditioned to a voltage pressure ratio of

10V /bar. The signals were immediately digitized in an ADC of the PDP - 11
computer. After digitizing they are stored on a disk drive. The maximum
digitizing frequency was f = 50 kHz. With the help of some special programs
it was possible to show the pressure time signals of all transducers and the
Fourier spectra of the signals on a PDP-11 terminal. By the multiplexing
of the ADC the maximum recorded frequency depends not only on the sample
theorem but also on the number s of the transducers:

! ax - 50 kHz/2 8 (4)

Because of the 1024 points of the screen of the terminal we have a time
window for the plots:

tF- 10248/ 50 kHz (5)
As an example for the mainly used hard copies of the plots on the screen
we show the traces of a subsonic and and a supersonic flow in the nozsle
(Figure 2 and 3). The ampltude signal traces and the amplitude spectra
have the same figures as the transducers in the aketch of the experimental

arrangement. The sensitivity for the amplitude signals is equal for all
transducers but in the spectra the sensitivity is ditferent., The ampltude
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Fig. 2 above: Time signals of the wallpressure in the Laval nozzle
at subsonic flow.

. Fig. 2 below: Corresponding spectra with dats of frequency,
A pressure amplitude and phase of the maxima.
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spectra of the signals are calibrated with the peak amplitude of the strongest
signal and this amplUtude is written in the diagram. For this signal there

is also given a phase angle which is related to the same cosine function for
all the spectra in one diagram.

For the case of the subsonic flow (see Figure 2) the more or less sinusoidal
pressure fluctuations are penetrating upstream into the nozzle coming from
the mixing chamber (see phase angles in the spectra). Propagating upstream
the amplitude is increased (ué signal traces). Upstream of the smallest
cross section the distortions become peaky pressure waves (bang waves)
and propagate through the intake flow into the supply field (laboratory).

Because of the saw tooth shape for these signals we find a lot of higher
harmonics in the spectra.

Supersonic conditions in the nozzle (see Figure 3) are indicated by the fact
that no pressure fluctuations occur in the vicinity of the smallest cross
gection. A shock wave at the end of the supersonic flow regime is in the
vicinity of the transducer for which the signals seem to be clipped at the
lower amplitudes. There is no signal while the shock wave is downstream
of the transducer. But if the shock wave is pushed upstream over the trans-
ducer by means of the pressure fluctuation there is a signal in the order
of the pressure increase in the shock wave itsel. It is alao obvious from
trace C in Figure 3 that the position of the shock wave is also influenced
by a very low frequency in the order 20 Hz,

2.3 Generation of pressure fctuations in the plenum chamber

In this paragraph we are concerned with the generation of the pressure
fluctuations in the mixing chamber. On the one hand it is obvious that the
flectuations are generated by the cutflowing jet from the noszle. On the
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other hand we have the idea that the frequency of the pressure fluctuations
is determined by the geometry of the plenum chamber. In this case the
mixing or plenum chamber should act as an acoustic resonstor. To verify
this idea we put seven piezo resistive pressure transducers in the walls
of the mixing chamber and additionally we changed the geometry of the
mixing chamber by a volume reduction of 25 %. These investigations led
to the following results:

a) The resonance frequencies of the mixing chamber are depending on the
pressure conditions for a height of 330 mm between 490 and 540 Hz and
for the reduced height of 250 mm between 650 and 690 Hz. As stated, the
frequency depends on the pressure conditions during the test and is in-
creased with decreasing pressure p.

With the assumption of a lateral acoustic resonator one can calculate the
resonance frequency for a standing wave of the first order (n=1):

f = n-cf21 (6)

For 1= 330 mm we obtain f= 515 Hz and ffir 1= 250 mm we obtain f = 680 Hz.
This corresponds to the measured frequency for the transonic flow configu-
ration in the nozzle.

b) The amplitudes of the pressure fluctuations are decreasing from the
pressure transducer (S3) at the lower wall of the plenum chamber to the
péeuuro transducer (S1) in the middle of the chamber. This is in accordance
with the assumption of a standing wave pattern of first order, the pressure
minimum of which is situsted in the middie axis of the plenum chamber and
the pressure maxima of which are situnted at the uppér and lower wall of

the plenum chamber. .
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c¢) The phase difference between the ubper and lower wall of the plenum
chamber (transducers Ol, O2 at the upper wall and transducers Ul, U2

at the lower wall) is 180°. This is in accordance with the lateral standing
wave because in this case we expect a phase jump of 180° over the pressure
minimum in the middle of the resonator.

These investigations have proven that the plenum chamber acts like a
resonator for a lateral standing wave. Now we explain how these oscillations
are generated. From the interferograms of the outflow from the nozzle into
the plenum chamber (Figure 4) we see that the outcoming jet is unstable.

A short distance downstream of the end of the nozzle the jet boundary is os-
cillating and a little more downstream it is forming vortex-like structures.
The direction of the jet is changed to the side of the stronger vortex, so
one can understand that in this side of the plenum chamber the pressure

is increased by means of the stagnation pressure of the jet. By this pres-
sure increase possibly the whole jet is deflected to the other side of the
plenum chamber. In such a way the plenum chamber can be excited to
pressure oscillations of comparatively large ampltudes,the frequency of
which is given by the acoustic resonance, This is a kind of fitering which
amplifies from the frequency spectrum of the outflowing jet (Lit. 2) the
resonance frequency of the plenum chamber moctb.

Figure 4: Interferogram of the jet flow into the plenum chamber for two
different instances of time (\left noszle) ,




The influence of the pressure fluctuations inside the plenum chamber on
the nozzle flow was achieved by a little unsymmetry in the position of
the nozzle with respect to the mixing chamber axis (see Figure 1). By
this shift to the upper side only the pressure fluctuations of the upper half
of the plenum chamber act on the nozzle flow, If the nozzle is exactly in
the center of the plenum chamber the basic mode of sound propagation
into the duct would not be excited because of the phase jump in the center
Une of the plenum chamber.

A strong influence on the upstream propagation of the pressure distortions
is observed for the separated flow case. When the acoustic waves have
different propagation velocities in the core flow and the separated flow
regime of the nozzle, a partial interference to lower amplitudes of

the pressure fluctuations is observed. Because of the lower flow velocities
in the separated flow regimes the propagation velocity of the acoustic
waves is larger in this area. So this part of the wave can interfere with
the slower propagating waves in the core flow.

This interference to lower wave amplitudes is also influencing the ampli-
tudes of the jet oscillation in the mixing chamber and the amplitudes of
the plenum chamber resonance. So the regime of pressure fluctuations for
the whole system is Uimited to lower pressures without the occurrence of
the flow separation in the nozzle.

The influence of the pressure ratio on the stability of a Laval nozzle flow
connected with a plenum chamber can be seen from Figure 5. The regime
of pressure fluctuations wit_h large amplitudes in the plenum chamber and
consequently also in the duct is located in a narrow frequency regime for
the fundamental lateral resonance of the plenum chamber. The correspond-
ing pressure ratio regime is 0.7 = Pc/po = 0,9. The upper pressure limit
is caused by the decreasing momentum of the outflowing jet which leads
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to decreasing amplitudes of the plenum chamber oscillation. The diagram

tikH

XE =138

the pressure fluctuation in the plenum chamber for different

Plot of the peak frequencies of the amplitude spectra of the
pressure ratios of the Laval nozzle flow

shows that for the case of the wider nozzle (XE =1.38, see algso introduction)
e 5:

for a much wider pressure regime 0.5 = pe/ P, = 0.9 a lot of frequencies

of the plenum chamber. These oscillations are mainly due to the mixing

noise of the jet and do not strongly affect the Liaval nozzle flow.

max. Amplitude: 9.4 mbar

with smaller amplitudes occur in the signals of the pressure fluctuations

Fi
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3. The transonic flow in the Laval nozzle

3.1 The steady part of the flow

The observed pressure amplitudes in the Laval nozzle do not exceed

10 mbar for the case of the supersonic flow. With atmospheric preasure
as a supply condition we have only a 1 % change by means of the unsteady
pressure fluctuations. Therefore we can agssume that for the purpose of
theoretical considerations the problem can be devided into a steady basic
flow and a superimposed acoustic wave. Only in the transonic case when
the shock wave during a cycle of the acoustic oscillation is propagated
through the small cross section of the nozzle into the intake flow and is
reestablished during the period of flow acceleration more downstream in
the divergent part of the nozzle,then because of the non-linearities and the
large peak pressure ampltudes this assumption cannot be made (Lit. 3).

For the purpose of testing the one-dimensional treatment of the nozzle
flow we have compared the calculated steady pressure distribution in the
two hyperbolic nozzles with the wall pressure data and the density mea-
surementi from the interferograms (Figure 6). With respect to the inter-
ferograms one has to take into account that these are instantaneous pic-
tures of the flowfield.

The calculated curves (solid lines) are valid for isentropic flow both up-
stream and downstream from the shock wave., By means of the equation

1/k )(k-l)/k)'ll 2

F = Q,(p/p) " (g,p, 2k/(k-1)(1 - p/p, (7
to each cross section F of the nozzle for a given mass flow Q o & OO~
dimensional wall pressure p/ P, coa be calculated. The position of the

normal shock wave is given by the pressurs conditions for the shock wave
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(pu pressure upstream, p d pressure downstream of the shock wave):

py/p, = 4oy /p ) ¥ 0P - 1) - ek 1)/~ 1) (8)
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Figure 6: Comparison of the calculated pressure distributions (solid
Uines) for two Laval nozzles with different shape (see intro-
duction) for different plenum chamber pressures p, With
wall pressure data and pressure values (dashed lUnes with
points) calculated from the density measurements from in-
stantaneous interferograms of the flowfield. The dotted lines
are the possible downstream pressures of steady shock waves
in the supersonic flow.
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The curve for the possible downstream pressures of steady shock waves
at the end of the supersonic flow regime is the dotted line in the diagrams.
The pressure curves for the subsonic flow downstream of the shock waves
are curves of smaller supply pressure due to the entropy increase in

the shock waves. The comparison of the calculated and measured values
shows that in the transonic case, especially when a shock wave is in the
intake part of the nozzle flow, the difference can be fairly large. For the
subsonic and also for the supersonic case the agreement is much better
because the superimposed unsteady pressure fluctuations cause only small

deviations from the average flowfield.

The small deviations from the calculated flowfield for the subsonic case
have the origin in the influence of friction which is not included in the
theoretical treatment. The dissipation of kinetic energy leads to lower
velocities in the real case, so the measured pressures tend to be higher.

By the same reason also in the supersonic case the pressure recovery

in the subsonic part of the flow downstream of the shock wave is also

much lower than calculated. This is due to the very thick boundary layers
downstream of the shock waves in the flowfield with large pressure increase.

s

The large part of the kinetic energy is tranferred to turbulent energy of
the boundary layer. The boundary layer generally leads by the effective
thickness generally to smaller duct cross sections than calculated from

SFweE Y

t

the nozzle contour. Especially in the supersonic flow case for a given
plenum chamber pressure p e the downstream pressure of the shock wave

P4 is smatler than in the case without boundary layer. Therefore the shock
is observed for lower plenum pressure Pe and additionally the position

is more upstream than calculated.

For weak shock waves the measured downstream pressure fits the cal-
culated downstream pressure curve {dotted Uine). In case of stronger
shock wave the measured downstream pressure is obviously less than
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the calculated one, In this case by means of the boundary layer influence

oblque shock waves occur which lead to a lower pressure increase.

The comparison of the results of the two different nozzles shows that the
agreement between measured and calculated data is better for the narrow
nozzle. This unexpected behaviour is explained by the fact that in the case
of the wider nozzle in the expanding downstream part a thicker boundary
layer is formed and also separation occurs for lower Mach numbers.
Therefore the influence of friction is larger in this case and the one-

dimensional theoretical treatment gives less accuracy.

3.2 The propagation of pressure fluctuations

On the propagation of the pressure fluctuations inside the nozzle we can
get information by comparison of the phase of the signals from the different
pressure transducers. This is possible because for a certain pressure
ratio pe/ P, only pressure fluctuations of a single frequency occurred.

A phase difference A @ of the signals of two transducers corresponds

to a travelling time t1

t, = AQ/2m- o (9)
If the pressure fluctuations behave like acoustic waves in the basic duct
mode they propagate with sonic velocity ¢ upstream in the flow and have
a propagation velocity v relative to the flow with the velocity u

veoc-u (10)

Because the flow velocity u in the divergent part of the nozzle downstream
of the shock wave is increasing the travelling time between equally distant
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locations of the transducers will increase. This is obvious from the phase
diagrams in Figure 7 and 8 if one takes into account that a larger increase
of the curve for the plotted phase angle corresponds to a longer travelling
time. Especially for the case of the pure subsonic flow in the nozzle (see
Figure 7) the increase in phase angle is much smaller than in the transonic

case (see Figure 8).

To verify the propagation velocity v of the disturbances we have calculated

the local velocity of sound ¢ from the average local pressure values

¢ = kVplg (11)
and also the flow velocity
up) = e, J(2/te- 1) o *HE L1 (12)

The corresponding travelling times are plotted with crosses (+) into the
diagrams of Figure 7 and 8. The comparison shows that the measured
disturbances propagate a little faster than the calculated ones. This is

due to the total head pressure losses by means of the shock wave and other
friction effects. With the assumption of a head pressure loss equivalent

to the differences between the measured and calculated pressures for a

nozzle flow we achieve a much better agreement with the measurements (+).

The amplitude of the upstream travelling distortions which is indicated by
the dashed line in the diagram ( — ——) is increasing up to the transducer C.
This has two main reasons. First,the distortions travel into a flow regime
of lower density and smaller cross section and for constant energy flux

the amplitude has to increase. Second reason is that in the vicinity of the
steady shock wave also comparatively small distortions can cause large
pressure fluctuations by moving the shock wave upstream and downstream
in the flowfield.

o agllodmg v L L

""'f‘!‘

G- -

’ ';x}‘r“‘r&

' ‘Inl'-»li‘?'\ -

e MRAGRNS (2

i
i

et Tttt il

e




A TN THOTTORR LT L

Probes } ",‘ i B, 9 9 ?
' 1 i T _ ,T\\ 7 T
Phase r—" S XE =130
‘ ™~ o
¢50% / M. £ 20,812
(360°< / AN
2 msec) Sso
o ,/' ~Y8p,=12.2mbor
360 ~. /

270

180°-

90

i

| 3 l ]

-
-60

L]

: N d
' 7.30 0 30 60 mm

Figures 8 and 9 : Travel time diagrams of the expansion of the

drawn line :

dash dotted line:

dashed line :

upstiream pressure disturbances. (to the left)
wallpressure measurements

calculated- values

continuous . run of the amplitudal curve

Probe é‘ ? A ;?_ "?V 0 E
~ - ) L] )
Ph o~ a
ase e N S \ XE =130
° \\\ l',, \ . P
(50T N .70 N . == =0,78L
{360°2 AN \ Ps :
195msec) | - TN \
360% \
\\
\\
o \
270 \\
AN
8 O.T i ~1 ap, =106 mbor
P ekl
)
[ 1 2
¥ 1 ] L]

A
SAE L,

Rl

vz,

e




i e oo thbmic ¢ i T e -

-21 -
4., Evaluation of the change in shock position
4.1 Quasi steady model calculation

For increasing plenum chamber prehsure P the steady shock wave in the
nozzle flow is positioned more and more upstream (see Figure 9). For
lower pressures the shock position is moving downstream. Evidently for
periodic pressure fluctuations in the plenum chamber or the downstream
part of the nozzle flow, the position of the shock wave will also be periodically
moved. This idea leads to a simple quasi-steady model calculation for the
shock motion amplitudes. For a given pressure fluctuation amplitude , P
at the end of the nozzle we calculate different shock positions which cor-
respond to the pressure P, +A P and the pressure Pg - AP, These

pe extreme shock positions are indicated by the ends of the arrows in the
lower part of Figure 9.

In this quasi-steady model calculation we assume that the distortions are
immediately acting on the shock wave without any travelling time for the
distance from the plenum chamber to the shock wave inside the nozzle flow.

So these quasi-steady considerations are only valid for very low frequencies
for which the shock wave has no phase lag to the periodic pressure fluc-
tuations in the plenum chamber and also for very small amplitudes for
which the pressure of the distorted flow does not deviate too much of the
steady flow in the nozzle (Lit. 4).

VR e A S PR e g e L

4,2 Small parameter distortion model

An equation of motion for the shock wave is achieved by linearization of
the gasdynamic equations of a two-dimensional flow. This has been done
already by several authors (Lit. 5-7), Following mainly Adamson, Messiter
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and Liou (Lit. 5) we assume that the flow potential of the two-dimensional
flowfield can be described by a potential deviating only a little from the
potential of a steady flow in the nozzle with a critical velocity a* through
a duct with a constant cross section Fo. This leads to the following expan-
sions for the components of the flow velocity

x-component [¢)

2
1+su1+e u2+

y-component vV = 52 vy + .40

All other flow parameters G also deviate only a little from their values
in the steady flow in the smallest cross section of the duct. Normaiizing
the quantities with the critical quantities we achieve

1
G = 1+Z £ g (14)
i=1

The small parameter is in the i-th power factor of the distortion of
the i-th order. The restriction on quantities of second order is justified
because only transonic flow with U - 1 = 0(€) is described by the equa-
tions and by the fact that the contour has a maximum curvature of the
order of ez in the smallest cross section (y=L)

y, = 1+ €2 f(x)  (normalized by L) (15)

For the interpretation of the unsteady behaviour of the flow a ratio of the
period T of the pressure fluctuations to the travelling time t1 of the dis-
tortions up to the shock wave is the most important parameter. To get
this ratio we first of all estimate the travelling time in the duct. If the
velocity of the flow downstream of the shock wave is given by

vg" o l-g) | (16)
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and the propagation velocity of the distortion

v = a (17)

the travelling time of the distortion for the distance L is

tl = L/(v8 - vd) (18)
if all time parameters are normalized with the time
%
t =L /a (19)
one gets the ratios
T/t1 =ET T= T/tn (20)

For the case T = (ke)'1 with k = 1, the period of the pressure fluctuation

is nearly as large as the travelling time t1 and we achieve a phase difference
of 2 JT between the pressure fluctuations in the plenum chamber and in the
vicinity of the shock wave.

BN b A s

T,

-1
For thecagse T= (k 52) the frequency of the pressure fluctuations is
for the same travelling time one order of £ smaller,s0 T is correspondingly

Y

larger and this means that the distortions at the shock wave have nearly no
phase lag to the pressure fluctuations in the plenum chamber.

While the time in the timedependent terms of the gasdynamic equations was
normalized wit!; tn' the times in the small parameter terms will be normalized
by the period T. With this normalization the solution for the first case with
the large phase lag is completely different from the steady flow solution

(Lit. 6). For the second case with no phase lag we achieve solutions which
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agree with the quasi-steady description of the flowfield which was formerly
discussed (Lit. 7). For this latter case we can achieve the following equa-
tion for the change of the shock position in the vicinity of the steady posi-

on x
t 80

4K % [(k+1) = - (Cyy + 2kC /3 + G/C, (21)

The time function G(t) is proportional to the amplitude of the pressure
fluctuation in the plenum chamber. The quantity Cu is the velocity of the
first order in front of the shock wave and depends on the position of the
shock. The quantity C2 d is defined by the steady position of the shock wave
and can be calculated from the equation (21) for the case (x = X G(t)= 0,

x = 0).

Cpq = -2C x_ )3 (22)

4.3 Numerical solutions for the narrow nozzle

For the case of the narrow nozzle (XE = 1.3, see introduction) we now
calculate some data from the theoretical considerations with the help of
the geometrical and experimental parameters of this nozzle. From the

frequency { = 500 Hz of the distortions coming from the plenum chamber
*®
we achieve with L. = 25 mm, ¢ = 315m/s, T * 2 ms:

T= 25

-1
For thecase T= (_Ktz) which is the closest one to the experiments
and for K = 1 we achieve

€ =0.3
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Now for this € we have to write the contour of the nozzle in the form

MR A SRR

N " ar ) o
SR K W

by a parabolic one for small x

i 2 in i
‘ Vg = 1+E fx) (15) *
"
? This can be done by approximation of the hyperbolic shape of the contour é {
1 “

| |

i y= Vi+xlz 14572 (xeel) (23)

For the nozzle shape with f(x)=a xz we get for a at this nozzle exit

a = (XE-1)/(g?x)) (24)

For the first order of velocities in the nozzle we have the equation

u = =V 2t/ * 1) (25)
So we get for the velocity in front of the shock
Cu (xg0) = Y2a/k+l x40 (26)

For the pressure fluctuation we assume a sinusoidal time dependence

G(t) = Go sin (t) (27)

The amplitude G o is related to the pressure fluctuation p e At the duct
exit by the equation for the pressure Pb at the end of the nozzle

C,, +G(t)
P, os1-€ku)+e k(23 ol ). —2{—15‘-;-) (28)

For a given (:2‘l we achieve:
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AP, = €2kG fu,(x) (29)
b o "17e
*
Pb is normalized with the critical pressure p and we achieve

* * 2
AP =P AP, = PEg kG [u(x) (30)

For the measured value of P, of 10 mb we get G = 0,83, For this case
we have calculated the motion of the shock wave for different X0 (Fig. 10).
We can see from this diagram that for a certain upstream position the shock
wave can no longer stay inside the nozzle flow during one cycle of the os-
cillation.

: : XEx130 AEt <001

i
i
£

1 2 3 .%‘ ]
Figure 10: Calculated shock motions for different stationary positions
x ”!or a pressure fluctuation with the period T
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4.4 Comparison of the calculations with the experimental results

In the diagram of Figure 11 the calculated changes of shock position are
plotted against the stationary position of the shock wave. The upper curve
gives the extreme . change in position of the shock wave upstream the lower
curve the motion downstream. The results are fairly similar for both the
small parameter and the quasi-steady theory. For a far downstream posi-
tion the changes in shock position are fairly symmetrical in both directions
and for both theories. But in the vicinity of the smallest cross section the
amplitude of the upstream motion becomes much larger than the amplitude
of the downstream motion. It is also obvious that the quasi-steady theory

predicts too small amplitudes for the upstream motion of the shock wave.

{+) disturbance theorie
{x) stream line theorie

10 - 12 14 16 18

Comparison of the extrema changes in shock position A Xxg
for different stationary shock positions x4, (the two upper
curves give the amplitude of upstream motion, the two lower
curves the amplitude of downstream motion for the given
disturbance of chapter 4.3)
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For comparison of these theoretical results with the experiments we have
egtimated the extreme positions of the shock waves from the recorded
pressure traces (see Figure 3). The influence of the shock on the pressure
signals (steap or clipped traces) allows an estimate of the changes of the
shock position between the positions of the transducers. By these conside-
rations we obtain the following estimates from the time pressure signals:

For a stationary shock position in the vicinity of the smallest cross section
(x = 0) the extreme downstream position during a cycle of motion is
smaller than x = 0.8. For a stationary shock position x = 0.8 the ex-
treme shock motion upstream is not moving the shock waves through the
smallest cross section into the intake. This is in accordance with the
theoretical findings plotted in Figure 10. As a general result we can state
that the measured changes of shock positions in the nozzle flow are not

larger than the theoretically predicted changes in shock position.

For stationary positions more downstream in the nozzle (x = 1.4) we could
not obtain experimental results because of the occurrence of the flow sepa-
ration. The upstream propagation of the pressure fluctuations from the
plenum chamber to the shock was damped very much. In this case the
changes in shock position are very small.

In the small parameter perturbation theory for the transonic case one

assumes an occurrence of a new shock wave in the smallest cross section
. *

of the nozzle at the time t

Gt = -c (31)

2d
This occurs at a certain time after the shock wave of the foregoing cycle of
oscillation has passed through the smallest cross section into the intake
flow. This result is in accordance with the condition of the quasi-steady
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theory that a shock wave is formed in the smallest cross section when
the critical pressure p* is reached during the acceleration of the flowfield o
in the nozzle. Experimental observations with the Mach Zehnder inter- ;
ferometer show a similar result (see Figure 13), The only difference is o
that by means of steepened pressure distortions in the phase of accelera- $ oy
tion,several weak shock waves are formed in the vicinity of the smallest T

cross section. These small shock waves form later moving downstream

a stronger shock by merging together.

4.5 Some special results for the transonic case

For the transonic case,when the shock wave during one cycle of oscillation
is moving upstream into the intake,it is interesting to plot the pressure
signals of all pressure transducers in the duct over the duct length and
some cycles of oscillation. For this purpose we have plotted iso lines of ;
‘ the wall pressure into x/t diagram (Figure 12).

L St

Figure 12: Pressure changes in length and time in the narrow Laval nozzle
(the iso lines are lines of constant pressure)
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From the inclination of the lines in flow direction one can immediately
estimate the propagation velocities of the distortions. From the small
inclination of the pressure lines in the vicinity of the smallest cross sec-
tion one can deduce, that the distortions are slowing down very much in this
part of the nozzle flow before moving upstream into the intake nozzle. This
can also be seen from another type of plots we have used for the visuali-

zation of the motion of pressure disturbances in the nozzle flow. In

Figure 13 we have plotted a sequence of instantaneous wall pressure dis-

tributions in one diagram. Pressures which are higher than the average

18 <4 4
. MG

pressure are indicated by dashed lines and pressures which are lower
than the average pressure are indicated by dotted lines. Also from this ' |
diagram one can see how the dotted low pressure regime or the dashed
high pressure regime is moving upstream. Especially the sudden changes :
between 1.4 ms and 1.6 ms in this diagram are due to the sudden motion ; :
of the shock wave into the intake flow of the nozzle. A certain time before i
this event (t = 0.8 ms) the flowfield has been accelerated. In the accelerated
flowfield a distortion downstream of the smallest cross section is forming

a weak shock wave, This shock wave is amplified by the acceleration of

the supersonic flow and kept in its position by an increase of the down-
stream pressure by means of the upstream moving pressure distortions.
The shock position is suddenly changed when the pressure in the intake flow
is decreasing because the foregoing shock wave has left the intake point.
While the shock wave is passing through the intake flow the low pressure
field is moving upstream into the area of the smallest cross section and is
accelerating the flow to supersonic velocities.

é
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Figgre 13:

Sequence of instantaneous wall pressure distributions during
one cycle of pressure fluctuations (dashed sections of the
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5. Automatic evaluation of the interferggrams

Figure 14 shows a sequence of four interferograms which are shown to
give a typical sequence of flow situations for the transonic case. In the
first frame one can see several shock waves coming from downstream
(plenum chamber), merging together in the shock wave at the end of the
supersonic flow regime. In the second frame this shock wave has become
stronger and has also moved upstream a little bit closer to the smallest
cross section. In the third frame the shock wave has already passed the
smallest cross section and is now propagating into the subsonic flow of
the intake, This can be seen also in the fourth frame,where the shock wave
is just leaving the intake flow on the left side of the frame while a new
shock wave is already formed by acceleration of the flowfield and distor-

tions from downstream in the center part of the flowfield.

These interferograms now have been evaluated with the help of a computer
program which was developped in the last years in our department and is
still under investigation. Figure 15 shows the digitized interference fringes

of the four frames,

The number of lines in Figure 15 is just twice the number of fringes in
Figure 14, This is due to the fact that the automatic fringe detection pro-
gram gives one line for the right and another one for the left contour of a
fringe.

After a complicated procedure of automatic fringe improvement and fringe
numbering one can calculate density profiles from these fringe pictures.
The density profiles for a height y = 12.5 mm are given in Figure 16.

The density profiles of Figure 16 show a close relation to the instantaneous
pressure distributions of Figure 13. Especially the motion of shock waves
and the change in density distribution along the duct center during one cycle
of distortion can be clearly seen from these diagrams.
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Figure 16: Density profiles in the center of the Laval nozzle flow

(F = 12.5 mm). The density is given in relative units
(fringe numbers).
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6. Some concluding remarks for the nozzle experiments

The result of the Laval nozzle investigation is, as already stated in the
introduction, that we can divide the unsteady behaviour of the flow in two
main cases. Thé first one treated already in earlier investigations is the
case of strong and forced oscillations of the whole Laval nozzle flow for

a certain regime of pressure ratios (for air flow 0.85 = pI/po = 0.66 [1]).
These forced oscillations occur mainly for symmetrical two-dimensional
nozzles where a large area of separated flow can connect the plenum cham-
ber pressure to the flow regime,where the shock wave is situated. For this
forced oscillation it is also important that there is a certain agreement
between the natural frequency of the transonic instability and the acoustic
resonance of the downstream duct system.

The other type of instability which was especialiy investigated in the frame
of this work,is strongest,if the flow is not separated in the downstréam part
of the duct,and acoustic distortions which are generated by a downstream
instability of shear layers,supported by acoustic resonance of cavities,are
travelling upstream in the subsonic part of the Laval nozzle flow and are
acting on the shock wave at the end of the supersonic part of the flowfield.

In special situations, which we have called the transonic case, the interaction

of these distortions and the shock waves can be comparatively strong as in
the case of the strong oscillations., Then the shock wave can also leave the
nozzle flow through the smallest cross section into the subsonic intake flow.
For higher supersonic Mach numbers in the nozzle this means smaller
preasure ratios,the acoustic distortions result only in small amplitude
shock oscillationa, For the case of flow separation we have observed a
large damping for the upstream travelling distortions and consequently
very small amplitudes of oacillations.
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1. Introduction

The aim of this project is to investigate vortex-profile in-
teraction. Vortex interaction with solid walls generates
sound., Vortex noise occurs nearly everywhere in aerodynamics
and especially it is one of the helicopter noise sources.

There is lack of knowledge about the near field flow at the
profile, thus experiments must be carried out. The first step
to the problem is an experiment that gives an overview on the
occurring phenomena. In the transonic duct a profile is
placed in the wake of a cylinder. The interaction of a Karman
vortex street and a profile can be measured by pressure trans-
ducers and high speed interferograms.

Additionally a shock tube experiment was performed. Single
starting vortices are generated. The boundary layer in this
case is very thin. The vortices are similar to potential vor-
tices. These ideal conditions allow quantitative comparisons
to theoretical results.
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2. Experimental Facilities

2.1. Duct, Vortex Generators and Profiles

The transsonic duct (Fig. 1) is a vacuum type wind tunnel with
two vacuum tanks of 132 m%and 24 m3 volume [1]. The maximum
measuring time for the profile investigation arrangement |is
10 s at Mach 1 and 25 s at Mach 0.3. A new experiment can be
performed every 4 minutes (This is the time, the pump needs to
evacuate the tanks).

The air is sucked in from the labaratory or an air drying
unit. The velocity in the measuring chamber is controlled by
an adjustable diffusor. In the smallest cross section of the
diffusor the air reaches Mach 1; so there is canstant veloci-
ty throughout the measuring time. The velocity of the air can
be chosen from v=0 to v=600 m/s if a Laval nozzle is used.

The test section of the duct (Fig. 5) is 800 mm long,
330 mm high and 100 mm wide. .The upper and the lower side of
the chamber have slots to provide good acoustical damping.
The vortex generators are installed in the 200 mm front sec-
tion (5a,c,e) or at locations nearer to the window (5b,d).
The profile can be mounted between the windows downstream of
the generators. The windows have a diameter of 230 mm and
have interferometric quality. Instead of the windouws a pres-
sure measuring plate with an array of holes at 15 mm distance
can be used, Up to 16 Kulite transducers can be digitized
simultaneously. Thus accurate pressure field recordings can
be made.
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Two profiles are used for the investigations. They have a
NACA 0012 shape and 120 mm respectively 60 mm cordlength. For
the investigations they are placed between the windows at dif-
ferent angles of attack.

Different kinds of bluff bodies are used as vortex generators.
Their wake is a Karman vortex street consisting of strong vor-
tices of opposite sense of direction. The frequency of the
vortices depends on the size and shape of the bluff body (a
circular cylinder has a nearly constant Strouhal number of
D.2; i.e. the distance between vortices of equal sense of
direction is 5 diameters). Several bluff body shapes were in-
vestigated, it turned out that a square cylinder has the hi-
ghest amplitudes and best constance of Strouhal freguencies
over the Reynolds number range from 0.1 up to 0.5 millions.

2.2. Shock Tube

Like other authors {2] we have used a shock tube to generate
starting vortices. The shock tube consists of a high pressure
section of 2100 mm length and a low pressure section of
3700 mm (fig. 6). The width of the tube is 100 mm and the he-
ight is 330 mm (fig. 7). The distance from the membrane to
the measuring chamber divided by width and height of the tube
give length to width and length to height ratios of 27 and 8.

The bottom and the top of the low pressure section are rounded
with a diameter of 100 mm to prevent shock disturbances
(fig. 7). The measuring chamber is the same as in the wind
tunnel experiment (fig., 8). The same measuring devices can be
used. The low pressure section is evacuated by the wind tun-
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nel vacuum tank to a vacuum up to 100 mbar. The high pressure
section is pressurized up to 1500 mbar. Pressure ratios from
1 up to 15 can be obtained.

Figure B8 shows the measuring chamber. A GOE 508 profile of
120 mm cordlength is mounted before the window area. The GOE
508 profile is a high lift profile with flat under side. It
is mounted at an angle of 7.5 degree. Its stationary lift
coefficient is 1.25. 5 mm of the trailing edge of the profile
are visible in the viewing field. The 60 mm NACA 0012 profile
is mounted 38 mm apart at the same height as the trailing edge
of the asymmetric profile.

2.3. Computer Installation

The computer is a PDOP 11/34., It has connections to the image
processing computer, also a PDP 11/34, to the institute com-
puter, a VAX, and to the central computer of Goettingen Un-
jversity and Max Planck Institute, a Univac 1108. Figure 3
shows the configuration of the PDP and the periphery [3].

On the right there are the data aquisition components, A
Camac crate controller (CA11-FP, Digital Equipment) is the in-
terface to 16 transient recorders (Le Croy) ,a real time clock

) and a digital 1/0 port. The transient recorders have 8 K sto-

rage capacity of 10 bit dats at data aquisition rates up to
1 MHz. They are used to record the pressure data.

An 1EC-bus interface is used to record the static pressure
with the help of a digital voltmeter.




.“,

i
5
X
g
g
g
:
=

43

The third I/0 component is the controller (LPA11-K, Digital
Equipment) of a 12 bit analog/digital converter. Data rates
up to 50 KHz can be stored directly on the disc.

The storage of measured data is performed with a 160 Megabyte
disc (System Industries). Long term storage is done with a
magtape.

Fast data processing is done with the array processor (Float-
ing Point Systems). It is well suited for fast fFourier trans-
forms, a FFT of 1024 points is done in 3 ms .

For visualisation of data there are graphic terminals (VT100
and Tektronix) and a hard copy unit, connected to the computer
by a terminal multiplexer.

The interface to the fast data line to the image processing
computer is a a DRU-11C (Digital Equipment). A DMC-11 is the
interface to the data line to the VAX and Univac., The VAX is
used for program development and other computing purposes.
The Univac is needed for DISSPLA plots.

2.4, 0Optical Facility

A Zeiss Mach-Zehnder interferometer can be used for optical
investigations (Fig. 2). The channel width is 100 mm .
Vacuum in the measuring chamber corresponds to 48 whole
fringes in interferograms. The light source is a high fre-
quency spark light source. Movies can be made with a rotating
drum camera at 10 Khz or with a Fastax camera at speeds up to
8 Khz .
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3. Testing of the Experimental Arrangement

3.1. Vortex Street Generators

Vortex streets should be two-dimensional, should have a con-
stant Strouhal number and must consist of strong potential
vortices of the right spacing to be of use in our experiment.
The interaction of vortices among themselves should be less
than the interaction of profile and vortex. This means, that
the quotient length/(2#*Strouhal number), the spacing of the
vortices, should be at least of the same magnitude as the pro-
file length., The 40 mm cylinder has a Strouhalnumber of p.2
and shows a vortex spacing of 40/(2%0.2)=100 mm . Although
the aspect ratio of this cylinder is very small, the vortex
street is quite stable and has only a single main frequency.
Figure 9a shows the frequency at different pressure ratios.
The Strouhal number is nearly constant but there is some in-

fluence of resonance of the duct geometry.

The 40 mm cylinder and the 120 mm profile were taken for the
first vortex-profile interaction tests. Figure 9b shows the
arrangement working with an even higher amplitude than the
pure cylinder.

For tests with the 60 mm profile several bluff body shapes
were investigated (Fig. 4). It turned out that a square cyl-
inder has the highest amplitudes and best consistancy of
Strouhal frequencies over the Reynolds number range. The
20 mm cylinder does not work as good as the bigger one, maybe
because of a different aspect ratio.
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3.2. Shock Tube

The shock tube setup uses the same measurement equipment as
the duct. Especially the measuring chamber is the same. The f <
length of the tube is 5800mm. It is sufficient to provide ;
measuring times of 5 ms minimum for the Machnumber range from
0.2 to 0.8. The undisturbed trajectory length of the vortex
is at least 400mm.

AR L it R BT
1

Because of the height of the chamber there are restrictions in
the attainable length to height ratio of the tube. The length

from the membrane to the windows is 2600 mm. Thus the

PRRTUI,

length/height ratio is only 8. As interferograms proove this
small ratio is enough to develop the shock. A problem is the
rectangle geometry of the tube. The bursting of the rectangu-
lar membrane generates a circular wave. The reflections from ’
the walls are oblique waves. These waves steepen up and form
oblique shocks. To prevent theese disturbances it was tried
to change the bursting process of the membrane by taking other
materials and destroying the membrane by high wvoltage. But
this did not work very well and it was found out, that round
shapes of the top and the bottom of the tube prevent uniform

reflections of the oblique disturbances.
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4, Computer-~-Based Interferogram Evaluation

4.1, Digitizing and Preprocessing

The interferograms are photographically recorded on film by
taking single frames or taking series of interferograms on
16mm film using high speed pickup-techniques as described pre-
viously. The digitizing of these interferograms is done by a
TV-digitizer, connected to a mini-computer. The resolution is
selectable by choice of the scan frequency and the line spac-
ing. Usually a resolution of 512 by 256 points (256 intensity
levels) is wused, but also 512 by 512 points or even 1024 by
512 points could be achieved. The system further is equipped
with a digitizing tablet and a graphic terminal to enable hand
input of graphic data. Alsao, a computer-controlled film pro-
jector 1is wused to digitize consecutive frames of a series of
interferograms. A detailed description of the system is given
in [3,4]. The digitized TV-lines are fed to the computer and
are processed sequentially or stored on disk for subsequent
processing. Depending on the quality of the interferograms
different enhancement procedures can be used to increase the
signal-to-noise ratio, correct an uneven illumination or in-
crease the contrast of the fringes.

4.2, Fringe segmentation

The fringe segmentation is performed in two steps. First the
gray level fringes are converted to binary levels by using a
fixed or floating threshold. In the next step the 1left- and
right-edge points of the fringes are collected and stored in a
polygonal data structure using a sequential tracking algor-
ithm. To reduce the amount of data to store, a redundancy re-
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duction process approximates the actual polygon by a subset of
the vertices of the original polygon within a given range of

tolerance.

If fringes leave the field of view, or if a background object
resides inside the fringe field (e.g., an airfoil), the visi-
ble area of the fringes can be handled by using the points on
the boundary as edge points of the fringes. The corresponding
polygons of course may not be along the boundary of the back-
ground object, since they may have different fringe orders.
In order to establish the boundary test in a quick, easy and
robust manner, it is not desirable to derive the boundary in-
formation from the fringe field itself. Instead, the geometry
of the test section is used to generate a binary-valued mask,
which is compared pixel by pixel with the actual interfero-

gram, while performing the fringe extraction process.

At some locations in the fringe fields the fringe spacing may
be very small, as is the case for instance inside the boundary
layer, inside a shock wave or near separation lines. If the
resolution of the digital system is exceeded at these loca-
tions, disconnected or falsely connected fringes may occur,
This results in the fact that some of the polygon segments,
representing different fringe orders, may be linked together.
In order to improve the numbering process, most of the discon-
nections could be removed by an analysis of some geometrical
parameters of the polygons. These geometrical parameters are
the shape feature (the circularity defined by the enclosed
area divided by the perimeter squared), the ratio of the dis-
tance of the polygon endpoints to the length of the polygon
line, and the angles between the polygon segments.

Those lines which are suspected to have disconnections are cut
by this process at locations where the polygon is folded or
where it has sharp edges. The remaining polygons having dis-
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connections not detected by this cufting pfocess have to be
handled by the numbering process.

Some consideration and programming work has been done on the

problem of getting numbers for the fringe lines of an in-

terference fringe field by using the known numbers of a simi-

lar fringe field. The matter is somewhat more complicated, as
some of the lines of the actual fringe field may have dis-
connetions, and therefore it may be impossible to get a unique !

fringe number for that line. 37 .
| Y
i The idea of a numbering scheme applicable to series of inter- % ;

ferograms is to get additional information from the previously i
numbered fringe field., This may only be poséible if the ;
fringe locations vary only a small fraction of the fringe
spacing at almost any locations of the test section. If the
interframe time between consecutive interferograms is choosen
appropriately, this condition is satisfied in the case of the

profile flow investigation. The numbering of a series of in-

terferograms starts with the setting of the numbers of the
first fringe field by hand. The fringe lines are superimposed
by a set of so called test-lines at which a set of order
number functions is defined by a rational spline approxima-
tion. This set of spline functions is fitted to the fringe
lines of the next following interferogram. The numbers of
those fringes overlapping uniquely at the test-lines are ac-

cepted directly, the other numbers are derived from the spline
functions. An older version of the program uses a set of
straight lines running in the x- and y-direction, while a

newer version, currently under development, uses a set of po-
lygons as test-lines. The advantage of the polygonal
test-lines is that they are more suitably adaptable ¢to the
global course of the fringe lines.

In the case where some disconnected lines remained from the
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preprocessing step these lines may not receive a unique number
by the numbering scheme. To decide where these lines have to
be divided into two or more segments - an older version of the
program uses the angles between subsequent polygon segments -
the deviations from a local approximation of the fringe order
function is wused. Another advantage of comparing fringe
fields by wusing 1local polynomial approximations is the fact
that fringe polygons, having no intersections with the
test-lines, could be processed with the same algorithm, lead-
ing to a more stable behaviour of this numbering process.

4.3, Polynomial Approximation

The fringe order function is defined at a set of contour
lines, but most of the mathematical transformations to follow
require the interpolation of fractional fringe order numbers.
Some methods to interpolate between randomly scattered points
on a surface are discussed in the literature [6]. We used a
local distance weighted polynomial least squares approxima-
tion, best suited in regard to computation time and numerical
representation. This process computes the coefficients of
two-dimensional polynomials of second order at the meshpoints
of a rectangular grid. To calculate the interference order
inside the meshes, the four polynomials at adjacent corners of
the mesh are evaluated and weighted proportional to their dis-
tance to the point of interest.

Rnother method is to compute a two-dimensional spline approxi-
mation, using some of the previously computed polynomial coef-
ficients, to get a smooth surface having continuous first and
second derivatives. The density function may easily be com-
puted by a linear transformation of the fringe order values,
because in the acfual_ experimental set-up the fringes are
lines of constant density (infinite fringe case). In the case
of finite fringe fields a subtraction of the overlayed fringe
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pattern could be achieved by a modification of some of the po-
lynomial coefficients.

4.4, Localization of The Vortex Core

In the current study of the vortex-profile interaction process

a point of interest is the knowledge of the vortex traces

under different positions of the profile, to see if a theoret-

ical description of these traces is in accordance with experi-
mantal results.

Some program development has been done to lo-
calize the

typical fringe pattern resulting from the appear-

ance of the vortex. The vortex core is computed wusing the

centroid of the enclosed area of the innermost of these fringe
lines.
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S. Experimental Results of Vortex Street-Profile
Interaction '

5.1, Pressure Fields

Measurements were performed with the 40 mm cylinder with and
without the 120 mm profile. The pressure ratio range was
from 0,999 to 0.6, that is from 13 m/s to 290 m/s .

As expected, the pressure field is antisymmetric, when vortex
generator and profile are aligned in the cordplane. The
difference from antisymmetry is less than 5 degrees phase
angle 'in Fourier spectra. Therefore it is sufficient to have

pressure transducers only in the upper half of the measuring
chamber.

Figure 5a shows the pressure transducer positions used in the
measurements which are described in this report. Figure 9 is
done with pressure transducer S. Figure 10a and b are typical
examples of pressure recordings. At a pressufe ratio of 0.83
transducer 2 measures an underpressure of more than 200
mbar . The vortices differ in strength and do not have the
same path, so the extreme underpressure peaks only happen from
time to time. There is a diffusion of vortex strength and the
peaks at transducers 8,10 and 12 do not have such high ampli-
tudes anymore. Signals at transducers 5,6,7 and 9 (above pro-
file) do not have single peaks anymore but a more sinoidal
shape.

Depending on resonance the peaks of frequency recordings are
more or less sherp. But there is always a Strouhal frequency

o L
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far above the wall turbulence level at nearly all measuring
points. Figures 11 to 14 are typical examples of spectra.
The spectra are done with 0.8 s long pressure recordings at
10 Khz sample frequency.

At the same pressure ratios vortex street and profile vortex
interactiaon have the same Strouhal frequency. The vortex gen-
eration process seems to be not influenced by the profile.
The profile measurements show only a slightly better consis-
tancy of Strouhal frequency. The amplitudes in the wvicinity
of the cylinder are of the same order of magnitude. The am-
plitudes measured above the profile (transducers 3,5,6,7,9)
are greater in the profile case. At any pressure ratio the
phase differences between the measuring points are entirely
different. The hydrodynamic field as well as the sound field
are influenced strongly by the profile.

The first pair of spectra (Fig. 11) is done at the high pres-
sure ratio of 0.998. The wvelocity is about 19 m/s . The
sound generation is inefficient at low velocities. The pres-
sure field is a relatively undisturbed hydrodynamic field.
The Strouhal frequency is of the same magnitude, but the vor-
tex street signals are more noisy,. Very obvious is the
difference at transducer 1. O0Only transducer 8 of the profile
case shows a noisy character, because it is influenced by the
profile wake. It is interesting that the phase differences
between the same transducer pairs are entirely different even
in the pure hydrodynamic case,

The second pair (Fig. 12) has a sharp dominant frequency with

the profile and several frequencies with the vortex street,
due to beats and frequency jumps. Figure 13 is an opposite
example. The vortex street shows the more narrow frequency
band, whereas the profile has got a large number of different
Strouhal frequencies. Surpriiingly there is the same dominant
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frequency at all measuring'points.

Figpre 14 is a resonance case with extremly high amplitudes.
There is the same frequency at all measuring points and nearly
the same frequency in both plots (The first harmonic has a
higher amplitude at transducer 1 and 8, but the fundamental is
the same). 1In both cases highest amplitudes are at transduc-
ers 2 and 3. The transducers above the profile 3,5,6,7,9 have
higher amplitudes with the profile. The greatest difference
is in the first harmonic (Fig. 15). There is a harmonic at
transducers 1,2,3 in both cases, but the profile shows higher
amplitudes and higher quality factor. Entirely different are
the transducers above the profile (5,6,7,9) where the vortex
street shows noise and the profile shows the first harmonic
with high amplitudes and high quality factor. This might be a
hint that a new phenomenon is ocurring with strong vortices at
high Reynolds numbers.

5.2 Evaluation of interferograms

$.2.1 Automatic Evaluation

As an example of the digital interferogram analysis two pro-
cessad fringe fields of a profile flow with and without a vor-
tex present are shown in Figures 16a and 17a. The flow velo-
cities are 280 m/s respectively 100 m/s at an angle of at-
tack at O degrees. The intlrferbgrams where digitized with a
resolution of 512 by Zss'pixols; The fringe extraction pro-
cess described in chapter 2.4 was used to obtain the polygonal
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fringe fields shown in Figures 16b and 17b. The boundaries of
the test-section as well aé the airfoil are input by hand,
using the digitizing tablet. These lines are used to prepare
a mask file, needed by the fringe extraction program to avoid
connections of fringe lines along the boundaries of background
objects. Due to the restricted resolution of the digital sys-
tem there appeared some falsely connected lines around the
leading edge of the airfoil, where the fringe spacing is very
small. These locations could be detected and the falsely con-
nected lines could be cut by application of the aforementioned
algorithm, using the geometrical parameters of the lines.

The lines are numbered corresponding to the interference
order, which 1in this case is done by hand, because the auto-
matic numbering algorithm, applicable to these types of fringe
fields, needs a numbered field to start the numbering process
of consecutive frames. The density function was derived from
the fringe field by approximation of polynomials of second
order at the mesh points of a rectangular grid (shown in Figs.
16b and 17b) as decribed in chapter 4. To achieve a smooth
surface, the interference order function was calculated from
these polynoms by use of a bicubic spline interpolation proce-
dure. Two density profiles in x-direction at y = 0.2 are
plotted in Figs. 16c and 17c. The realtive density as a
function of the fringe order is given in this case as

1 T A N(x,
9/9031- pE_o__(x__y_)_

no(E»Pg) -1 % pg h 2

where o/o is the relative density, n (T ,p ) is the refrac-
tive index of air at temperature T and pressure p , T and
p are the temperature and pressure at rest, is the wavel-
ength of light, h the depth of the test chamber and N(x,y) the
fringe number function. Note, that the number function is di-
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vided by two, because each fringe is represented by two lines
(a "left" and a "right" one). The above equation, evaluated
with the actual dimensions valid in the tests, yields

8/gy = 1 - 0.01058 * N(x,y).
As can be obtained from Fig. 17, the lowest density appears

inside the vortex core with a value of 0.92 relative to the
density at the stagnation point, where the fringe number was

‘'set equal to zero.

$.2.2 Four Kinds of Phenomena

Figures 18 - 24 are high speed movies of vortex streets with-
out (18) or with a profile (19 - 24). The frame rates are
6.25, 6.3, 6.35, 6.35, 6.15, 6.4 and 6.3 khz. The high speed
camera is a Fastax movie camera. A collection of instructive

and typical sequences out of the longer movies is shown in the
figures.

When a vortex of counter clockwise circulation approaches a
profile the direction of the velocity at the profile is up-
wards. The profile generates lift. The 1lift is increasing as
long as the vortex is approaching. It is decreasing after the
vortex has passed the center of the profile. Then the veloci-
ty 1is directed downwards. When the vortex has a high dimen-

sionless circulation
rdg rw W
. T’ x v, xcordlength
this sudden change of velocity direction is connected with the
gensration of a secondary vortex st the ;ocding sdge of the
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profile. We call this effect the generation of the 'suction
peak vortex', because in the interferograms the secondary vor-
tex is the detached suction peak.

The changes of 1ift of the profile are connected with a start-
ing vortex. But not every vortex of the vortex street gener-
ates a starting vortex at the trailing edge of the profile and
the starting vortices differ very much in their circulation.

When a weak vortex gets close to the boundary of the profile
there 1is a local separation at the vortex. Depending on the
sense of direction the separation is in front or behind the

vortex.

The vortex looses a lot or even most of its circulation when
the interaction with the profile is connected with strong sep-
arations.

So there are four kinds of interaction phenomena:
1. ¢ Suction peak vortex

2. : Starting vortex

3. : Local separation

4, : Loss of circulation

5.2.3 Strong Vortices

Figures 19 - 22 show the profile interaction of wvortices of
high dimensionless circulation. The trajectorial velocities
of the vortices in the wake of the cylinder are slower than
the flow velocity far away. The measured trajectorial veloci-
ties and circulations are averaged out of hundred pictures.
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The circulation is calculated with the density of the three .
outer fringes of the vortices. The standard deviation is 10 ‘>
per cent for the velocity and 15 per cent for the circulation. "
The value for the circulation is measured only for «circular '
vortices and not for turbulent spots. The dimensionless cir-
culation is calculated with the trajectorial velocity.

The undisturbed vortex street is to be seen in figure 18. Not

every vortex is circular, but the majority of the vortices has
a shape comparable to the vortex in figure 18a. The vortices
of the undisturbed street are close to the center line with
individual deviations. A classical Karman spacing cannot be
- found.
i .
?' There are three different kinds of suction peak separation.
j In any case the incoming strong vortex induces a big suction
peak at the leading edge of the profile which is the source
for a secondary vortex. Oepending on the position of the pro-
file to the vortex street centerline a vortex can pass on the
lower or wupper side of the profilé, i.e. it can pass on the
suction or on the pressure side of the profile. In each case
the suction peak detaches and forms a vortex on the suction
side of the profile. So there are two vortices on one side in
the first case and two vortices divided by the profile in the
second case. UWhen the vortex core gets very close to the
leading edge an interesting third case is happening. When the
core reaches the suction side it combines with the detaching
suction peak. There is only one very stable vortex left then,

In figure 19 the profile is aligned with the center of the
square cylinder. The profile is mounted in the rear end of
the measuring area. The trajectory of the approaching vor-
tices 1is to be seen. The vortex cores stay very close to the
center line and get very close to the leading edge of the pro-
file. Figyre 19b shows an approaching counter clockwise vor-
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tex that is kind of cut by the profile. The core gets to the
lower side of the profile. UWhen the core passes the leading
edge the suction peak grows, detaches and gets a secondary
vortex, This secondary vortex is not very stable (19c). The
next vortex rotates clockwise and induces negative lift. Its
position is in 1line with the profile. By the mirror vortex
force it is driven under the profile. It combines with the

detaching suction peak. A new very stable vortex is formed
(18d).

Figure 20 is an interferogram of a similar configuration as
figure 19, but the profile is mounted in the center of the
measuring area and the velocity is lower. Figure 20 shows two
vortices passing the profile on the pressure side as it is ex-
pected in a regular Karman street. On the suction side of the

profile there is again a suction peak vortex.

In Figure 21 the profile is aligned with the upper edge of the
square cylinder. Most of the vortices are passing under the
profile. Again there is the detaching suction peak on the
upper side which itself induces a secondary vortex in front of
it.

Figure 22 is an interferogram of a configuration where the
profile is mounted 35mm above the center of the square cyl-
inder. 1In figure 22a a clockwise vortex 1is approaching the
profile. In the second plilcture of figure 22b there is the
core of the vortex below the suction peak. Together they form
a turbulent spot (22d). In figure 22b a strong starting vor-
tex is produced. We do not know exactly the conditions for a
generation of a starting vortex. The strenghté of the start-
ing vortices differ very much and it is not easy to find a
law. But it seems to be, that the generation of a starting
vortex is not only depending from the circulation fluctuation
of the global flow but also on the local conditions at the
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trailing edge, i.e. the vicinity of a vortex to the trailing
edge.

5.2.4 Weak Vortices

Vortices of high dimensionless circulation induce global ef-
fects on the profile flow, i.e. separation on the opposite
side, starting vortices e.t.c., whereas weak vortices induce

local effects , i.e. separations near the vortex.

Figure 23 is a view on the whole configuration of vortex gen-
erator and profile. They are more close together than in the
other figures to have a view on the whole mechanism. The di-
mensionless circulation is in between the strong vortex case
and the weak vortex case of figure 24, Although the square
cylinder is only half as big the circulation of the vortices
is quite high because of the short distance of the profile
from the vortex generator. The interferograms show the gener-
ation of the vortices at the square cylinder and fiow phenome-
na that are very close to the strong vortex case, i.e.
suction peak vortex and starting vortex.

Figure 24 is a weak vortex case. In this case there are sep-
arations only only in the neighbourhood of the vortex. The
sense of direction of the vortices is clockwise on the upper

"~ side and counter clockwise on the lower side of the profile.

Behind the vortex, on its left side , there is a separation
from the profile boundary which can become a vortex itself as
in the last pictures of figure 24d. With the opposite sense
of direction the vortex 4induces a secondary vortex on its
frontside (figure 27c 1).
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The local separation at the profile boundary is always at that
side of the vortex where the flow direction is away from the
profile.

6. Single Vortex Trajectories
6.1 Free Vortices

Experiments at three different pressure ratios were performed
in the shock tube. Pressure ratios of 1.8, 3.4 and 7.0 give
uniform velocities of Machnumber 0.2, 0.4, and 0.6 behind the
shock. The shock Machnumber is 1.13, 1.29 and 1.50. Figures
25 and 26 show free vortices at Machnumbers 0.2 and 0.6. On
the left side in the pictures there is a little tip, the tra-
iling edge of the vortex generating profile. In Figure 25
there is a vortex travelling from the left (fig. 25a) to the
right hand side (fig. 25b) at Machnumber 0.2. It is 1loosing
about 30 per cent of its circulation on its way through the
measuring area. 1In figure 26 there is a vortex at Machnumber
0.6 in the middle of the measuring area. Its circulation re-

mains fairly constant throughout the measuring area.

Figure 28 is a drawing of measured vortex trajectories. There
is no difference in vortex trajectories for different Ma-
chnumbers within the measuring uncertainty of 1 mm. The free
vortex trajectory for the Machnumbers 0.2,0.4 and 0.6 is the
black line in figure 28. The first S mm of vortex life is the
generating period. The grouwing of the vortex is self similar.
The trajectory starts at the trailing edge at an angle 35 de-
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grees to the direction of the shock normal and seems to be
straight. 5 mm apart from the edge the trajectory becomes
curved and 35 mm away it is a straight horizontal line with

uniform velocity.,

6.2 Vortex-Profile Interaction

Figure 27 , taken at a frame rate of 6 khz with the rotating
drum camera, shows a vortex passing a 0012 profile. 1In the
under left side there is the trailing edge of the vortex gen-
erating profile. In the middle of the picture , 38 mm apart
from the trailing edge, there is the 60 mm NACA 0012 profile.
The gray spots are holes in the window for mounting other pro-

files.

The first picture is just before the shack arrives(fig. 27a).
In the second picture there is the main shock and reflected
circular waves. The main shock is divided in two parts by the
vortex generating profile., The upper part is slower than the
lower part. The difference gives rise to the generation of
the vortex. The oblique shock in picture 3 is a disturbance
of the main shock. The generated vortex has a dimensionless

circulation

r\-/ortex
la =

012 ‘
T x v, x cordlength

The dimensionless height of the free vortex trajectory above

the cordline is 2 x height

cordlength

The vortex has a strong influence on the stagnation point and
the boundary layer of the profile. While the vortex is appro-

ha = = 0.23
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aching the profile, the flow at the leading edge gets faster
and the stagnation point is going more to the lower side.
When the vortex has passed the leading edge the stagnation
point moves upwards to its stationary point which is caused by
the circulation of the asymmetric profile.

35mm away from the trailing edge of the vortex generating pro-
file the vortex trajectories without another profile are stra-
ight. With a profile the vortex tends to 9o more wupwards.
This 1is caused by the thickness of the profile and the mirror
vortex force. At the center of the profile the vortex trajec-
tory is more parallel to the cordline of the profile. When
the vortex passes the trailing edge of the profile it goes up-

wards again.

To evaluate vortex traces and sound generation a simple model
of profile-vortex interaction is used. It consists of poten-
tial theory and is evaluated by conformal mapping. A poten-
tial vortex passes a Joukowsky profile of a 0012 like shape.
Compressibility, boundary layer effects and the Kutta condi-
tion are not included. The sound generation can be evaluated
by matched asymptotic expansions [8,10,11,12,13]. The result
of the first order is a dipol-like field.

The model is compared to the experiment. Figure 28 shouws a
comparison of measured and calculated vortex trajectories,
When the experimental vortex has finished its trailing edge
caused upward movement ;t has nearly the same trajectory as
the theoretical vortex of the same dimensionless circulation
until it reaches the center of the profile. The experimental
trajectory at the trailing edge is entirely different from the
calculated one. This seems to be due to the neglection of the
Kutta condition. Calculations with Kutta condition [14] give
results that are closer to the experiment.
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Figure 29 shous the experiment in comparison to the calcula-
tions of Parthasarathy [14]. He has calculated vortex-profile
interaction with a flat plate and 13 per cent thick Joukowsky
profile (trailing edge angle O degree). The parameter range
of the calculation is different from the experiment, the di-
mensionless circulation is 0.5 and the dimensionless height is
1, but the quotient of circulation and height - which is a
criterion for the interaction strength - is the same as in the
experiment. Thus there should be a qualitative similarity of
calculation and experiment.

The calculated vortex frajectory for the flat plate case and
the measured vortex trajectory for the NACA 0012 profile are
nearly parallel lines (fig. 29), whereas the trajectory for
the Joukowsky profile 1looks entirely different. The strong
S-shape trajectory of the vortex in the Joukowsky profile case
can not be found in the experiment. Even the flat plate cal-
culation shows a stronger S-shape trajectory than the experi-
ment.

The similarity of flat plate calculation and experiment is ob-
vious and a comparison of the calculation with an experiment
of the same parameters will be interesting.
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7. Some Concluding Remarks for The Profile Experiments

Vortices have a strong influence on profile flow and vice
versa. Depending on the circulation of the vortex different
separation effects occur. Vortices of high dimensionless cir-
culation induce global changes of profile flow. Every dimen-
sionless circulation that is investigated induces at least
local seperations. The vortex looses a lot or even most of
its circulatiaon. It is doughtful if the assumption of an in-
teraction of a profile and a vortex of constant circulation
can describe the reality.

Improved models of profile-vortex interaction can be compared
quantitatively with the shock tube experiment, which will show
interesting results.
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Figure 4: Bluff body vortex generators:
Circular cylinders of 40, 20 and 10 mm diameter,
square, rectangle and triangle cylinders of 20 mm

width and a special shape, that is used in vortex
flow meters.
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Figuré 5a: Measuring chamber for vortex street - profile

experiments. Points 1 - 12 are transducer
positions,
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FigureSb:}Experimental setup for figure 18 (without profile)
and figure 19 (with profile). 40 mm vortex
generator and 60 mm profile.

FigureSczkjperimental setup for figure 20,21 and 22, 40 mm
'vortex genefator and 60 mm profile. The vortex
generator is mounted in line with the profile (20),
20 mm and 35 mm under the profile (21,22) .
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i Figure 5d: Experimental setup for figure 23 . 20 mm vortex
‘generator and 60 mm profile are mounted in line
: in the window area. ‘
§
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i Figure 5e: Experimental setup for figure 24 . 20 mm vortex
generator and 120 mm profile.
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Figure 7:\Frant view of the shock tuwe. The bottom and :
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Figure 9: Fourier spectra at different pressure ratios.

: 14.17 [mbar)

Maximal Amplitude

Qa: Vortex street
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gure 165\Exanple of evaluated interferograns

a) Photo of a profile tloV‘ﬁntort-ro’ruu

b) Plot of the segmented fringes of « 17a after removal of the
line disconnections., The wmesh lines used for computing of the
zolinolinl coefficients as well as the bdoundary 1lines of the
estsection are included for illustration.

¢) Density profiles plotted from the spline surface of the order
number function of Fig. 17b along the x-direction at y=-0.2 The
density is given in relative units (fringe numbers); high values

represent low densities.
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Pigure 17: Exanple of evaluated interferograms

&) Photo of a profile flow interferogram with vortex

b) Plot of the segmented fringes of Fig. 18a after removal of the
line disconnections. The position of the vortex core is at
(x,y)=(0.32,0.18).

c) Density profiles plotted from the spline surface of the order
nuaber function of Fif’ 18b along the x-direction at y=-0.2 The
density is given in relative units (fringe numbers); high values

represent low densities.




Figure 1Sa,b:}Katman vortex street of a 40 mm square cylinder
(see figureSb).

Vo 170 m/s, v =120m/s, I =15 m¥Ys
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Figure 19a,b:\80 mm profile in the Karman vortex street of a
40 mm square cylinder (see figure Sp).

Vo= 170 m/s , w,=110m/s , [3,=0.7
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Vo3 170 m/s ., v =110m/s , [3,=0.7
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Figure ZOa,b:!BD mm profile in the Karman vortex street. of a i
40 mm square cylinder (see figures5c).
Voz 120m/s , v, = 85m/s , 13,=07 ‘
: {;




Figure 200,d=?60 mm profile in the Karman vortex street of a
40 mm square cylinder (see figureSc).

Vo= 120 m/s , w,= 85m/s , 3,207
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Figuze 23.;‘3?& n ucﬂhlﬂtm Ku-na vn:tcx ttratbfl h
: 20 mn squeze cyiinder (see figutesd). -

W =210m/s , v, s110m/s . [, 20,4
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Figure 240.-&; 120 sm profile in the Kerman vortex street of a
20 mm square cylinder (see figure Se).

%s 170 m/s , v =120m/s , (32018
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vortex et Machnumber M= 0.2.

A

!Shock tﬁbtrttlftiﬁg’

F;gu:c‘27¢§'Vortox-profllo‘
_dnteraction at Machnumber '
‘W= 0.2: Vortex generstion.

v =70m/s, I3 = 012
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Figure 27b,c: Shock tube vortex-profile interaction at

wi? Machnumber M= 0.2,
ve70m/s, =012
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